Gahnite electron probe microanalyses from three pegmatites (Mirador, Capoeira and Quintos) of the Borborema Pegmatitic Province in northeastern Brazil allowed to determine molar compositions ranging from 86.22 to 95.41 mol% gahnite (ZnAl 2 O 4 ), 1.51 to 6.62 mol% hercynite (Fe 2+ Al 2 O 4 ), 0.11 to 5.89 mol% spinel (MgAl 2 O 4 ), 1.48 to 2.74 mol% galaxite (MnAl 2 O 4 ), and Zn/Fe Total atomic ratios ranging from 11.53 to 60.87. These data compared with gahnite compositions from albite subtype pegmatites from Cap de Creus, Spain (Zn/Fe Total between 10 and 60) and from the source granite of the Separation Rapids pegmatite field, Ontario, Canada (Zn/Fe Total =3.5) indicate a high degree of fractionation of the studied pegmatites. This interpretation agrees with conclusions based on compositional data of tourmaline (vacancy in X-site 0.42 to 0.49), white mica (K/Rb between 8 and 33), feldspar (K/Rb between 8 and 109), garnet (Mn/(Mn+Fe 2+ ) between 0.93 and 0.97) and in Nb-Ta oxides (Mn/(Mn+Fe 2+ ) > 0.5) in the same pegmatites.
INTRODUCTION
Gahnite is a spinel group mineral (with general formula AB 2 O 4 ), with its A site being occupied mainly by Zn and the B site mainly by Al. According to Deer et al. (1981) gahnite occurs most commonly as accessory mineral in granitic pegmatites, "in metassomatic replacement veins" and as contact metamorphic mineral in marbles. An almost complete solid solution of gahnite is registered only with ordinary spinel (MgAl 2 O 4 ) according to these authors. The most common trace elements present in gahnite are Li, Rb, Ba, Ga, Cu, and Ti (Von Knorring and Dearnley 1960) . Cotelo Neiva et al. (1955) found up to 13.5 wt. % SnO 2 , corresponding to 1.5 Sn atoms per formula unit (apfu) from the Cabanas pegmatite in Portugal. Most commonly Fe 2+ , Mg and Mn
2+
Correspondence to: Dwight Rodrigues Soares E-mail: dwightsoares@yahoo.com.br may replace part of the Zn in the A site, while Fe 3+ usually enters the B site replacing part of the Al in pegmatitic gahnites. Gahnite in pegmatites occurs usually associated with almandine-spessartite, muscovite, beryl, tourmaline, nigerite and, occasionally, with sphalerite as accessory minerals (Černý and Hawthorne 1982) or also with chrysoberyl (Alfonso et al. 1995) . According to the literature, gahnite does not occur in poorly fractionated, rare earth type pegmatites. Atomic ratios like K/Rb, Al/Ga in mica, K-feldspar, or Mn/Fe in garnet and columbite, are frequently used as tracers of pegmatite fractionation and classification (Gordienko 1971 ,Černý et al. 1985 ,Černý 1991 , Alfonso et al. 2003 . In comparison, Zn/Fe and Mn/Fe ratios in spinel are still poorly explored with similar purpose (Batchelor and Kinnaird 1984) .
Gahnite was found as accessory mineral in several pegmatites from the Borborema Pegmatitic Province (BPP) (e.g. Capoeira 1 and 2, Boqueirão, Caiçara, Pinga, etc.). In most of these pegmatites gahnite occurs only in a single unit of the zoned structure. Therefore, it is not possible to establish if there is a systematic compositional variation of gahnite during pegmatite crystallization. X-ray diffraction studies of gahnite from several pegmatites in the Acarí and Carnaúba dos Dantas areas in the State of Rio Grande do Norte were performed by Rodrigues da Silva (1961) but without a chemical control. Mineral chemistry data on gahnite are very scarce both, in the BPP Soares et al. 2003) and in other pegmatitic provinces worldwide.
In the present study, compositional variations of gahnite from three pegmatites in the BPP are reported and evaluated as possible indicator of the degree of pegmatite fractionation, by comparison to other chemical parameters, like K/Rb and Al/Ga ratios in mica and feldspar, Mn/Fe in garnet and alkali deficiency in tourmaline.
MATERIALS AND METHODS
Five crystals of gahnite (two from the Mirador, one from the Capoeira 2 and two from the Quintos pegmatites) were selected for electron microprobe analysis along cross-sections from core to rim. The data (total of 38 points) were obtained using a JEOL microprobe, model JXA-8600, with 5 WD and 1 ED spectrometer of the Institute of Geosciences of the University of São Paulo (IGUSP). Working conditions were 15kV, 20nA, a beam diameter of 3 micrometer and 20 seconds acquisition times for all elements, using the internal standards wollastonite (for Si-Kα, and Ca-Kα), TiO 2 (for Ti-Kα), anorthite (for Al-Kα), olivine (for Fe-Kα) spessartine (for Mn-Kα) diopside (Mg-Kα), ZnO (Zn-Kα) and Cr 2 O 3 (Cr-Kα).
The structural formulae (in apfu) were calculated for a 32 oxygen formula according to Deer et al. (1981) (1981) .
Most of the mineralized rare-element granitic pegmatites are intruded in garnet-cordierite and/or sillimanite-biotite schists of the topmost Seridó Formation (80%) and the directly underlying quartzites, metarkoses and metaconglomerates of the Equador Formation (11%) (Da Silva et al. 1995) . The remaining 9% are hosted by gneisses and skarns of the Jucurutu Formation, by late G3 and G4 granites (Jardim de Sá 1984) or by gneisses and migmatites of the Paleoproterozoic basement sequence. The regional metamorphism of the Seridó Group reached the amphibolite grade of the low pressure-high temperature, Abukuma type metamorphism (E.S. Lima, unpublished data). Retro-metamorphism in the higher greenschist facies is observed related with the F4 deformation phase.
The studied pegmatites ("Altos"), are all hosted by quartzites (Mirador and Quintos) and metaconglomerates (Capoeira 2) of the Equador Formation, in central part of the BPP. − the external intermediate zone is formed by bands of graphic granite alternating with large K-feldspar crystals with accessory quartz and mica, and sporadic large white beryl crystals, and some fine digenite veinlets altered to malachite and chrysocole;
− the median intermediate zone is formed by quartz, K-feldspar, muscovite, albite, lepidolite, black tourmaline (dravite) and occasional grains of gemologic minerals like spessartine, gahnite, rose colored euclase, and some bertrandite, tantalite, beryl, zircon and apatite. These accessory minerals are frequently enriched in small replacement bands rich in cleavelandite;
− the up to 20 cm thick very discontinuous inner intermediate zone is formed mainly by muscovite, frequently altered K-feldspar and lepidolite with some accessory spessartine, in direct contact with the quartz core;
− the milky massive quartz core is irregular shaped and free of other minerals. − the 5 to 50 cm thick border zone begins with an (a) one to two centimeter thick band formed by a sacharoidal, fine to medium grained aggregate of quartz, albite and microcline with sporadic accessory millimeter sized apatite crystals, followed by and grading to (b) a medium grained aggregate of quartz and feldspar with sporadic sub-centimeter sized spessartine and dravite grains and culminating with (c) a coarse grained aggregate dominated by quartz and comb or rosette like textured dravite, with the tips of crystals oriented inwards, into the wall zone.
− the wall zone is formed by a medium to coarse grained aggregate of albite, perthitic K-feldspar, muscovite and quartz, with sporadic blocks of graphic K-feldspar-quartz intergrowths and with frequent black tourmaline as accessory mineral. Rarely there are found millimeter-sized (< 5 mm) idiomorphic emerald green gahnite and manganocolumbite crystals as inclusions in feldspar or muscovite. This is the most continuous zone in the pegmatite and grades into the intermediate zone by increasing size and number of blocky K-feldspar crystals with or without graphic quartz intergrowth.
− the external intermediate zone is continuous only in the upper portions of the pegmatite, formed by up to meter sized perthitic K-feldspar blocks in a quartz plus albite matrix. The external intermediate zone may contain sporadic "dissolution" cavities, up to 50 cm in diameter, with smoky or hyaline quartz+muscovite druses. This zone may be either in direct contact with the quartz core in the uppermost part of the pegmatite or followed by a seam of black tourmaline (schorl-dravite) rosettes at the transition to an inner intermediate albite cleavelandite) zone. In the lowest part of the pegmatite the blocky feldspar zone may lack completely.
− the inner intermediate "albite" zone frequently begins with an intense albitization of the blocky Kfeldspar of the external intermediate zone and/or a fringe of black tourmaline + albite rosettes followed by an almost pure albite aggregate culminating with a discontinuous fringe of, now blue-or bicolored, tourmaline (elbaite) at the contact with the quartz core. This elbaite forms up to 30 cm sized, cone shaped crystals oriented and growing into the quartz core, sometimes together with large tabular spodumene crystals. Both, spodumene and elbaite are most frequently intensively replaced by lepidolite. In a few cases small veins of albite beginning in this zone, crosscut the outer zones of the pegmatite and invade the hosting metaconglomerates to form meter sized albite-pegmatite apophyses, attesting the primary (melt-derivated) origin of this zone.
− the massive milky quartz core contains very rare isolated elbaite and spodumene crystals as only accessory minerals. This zone is very discontinuous forming a rosary of meter to decameter sized lenses.
In the other sheets of pegmatites of this group (Capoeira 1 to 4), in addition to these minerals, mainly associated with the "albite zone" and/or replacement pockets formed by muscovite selvages, there were found up to 50 cm large (primary) amblygonite, beryl and lithiophylite crystals, late blue apatite, uranmicrolite, tantalite, titanian ixiolite, and sulphides.
QUINTOS PEGMATITE
The Quintos pegmatite, situated 9 km SW from the Parelhas town, in the State of Rio Grande do Norte is famous because of its almost unique topmost gem quality production of "electric"-blue elbaitic "Paraíba Tourmaline". Extending over 150 m with a maximal thickness of 20 m and a dip between 30 • and 70 • to 100 • Az, it is enclosed discordantly by quartzites of the Equador Formation, at the western limb of the Serra das Queimadas antiform.
According to D.R. Soares (unpublished data), the internal structure of the pegmatite is formed by a border zone identical to that one described above for Capoeira 2 pegmatite, a small preserved wall zone, the main part of the wall zone and external intermediate zone being intensively replaced by albitization and lepidolitization processes, and a discontinuous albitic internal intermediate zone with a transition to the discontinuous quartz core identical to that described in Capoeira 2. The lemon green, 2 to 10 mm large, idiomorphic intensively fractured gahnite crystals are found mainly in the albitized external intermediate zone. They are usually associated to albite, muscovite and spessartine. Other primary accessory minerals of the pegmatite include brannerite, titanian ixiolite, uranmicrolite, caesian natrobistantite, (or caesian bismutomicrolite) according to Beurlen et al. (2005) green and rose beryl and spodumene.
RESULTS AND DISCUSSION
Chemical data of the studied gahnite crystals are summarized in Table I . They exhibit remarkably high Zn contents in the range of 6.97 to 7.64apfu, corresponding to 86 to 95% of zinc apfu in the A-site or of 86.22 to 95.41 mol% gahnite, considering that the B site is occupied almost completely by Al (> 99% of the B site) and that the presence of other elements detected in this site (Fe 3+ , Ti, Cr, Si) remains below the detection limit and/or near the analytical error. The contents of other minor elements found in A site, namely Fe, Mg, Mn, Ca are consistent with data of near end-member gahnite referred to by other authors (Von Knorring and Dearnley 1960 , Deer et al. 1981 ,Černý and Hawthorne 1982 . Backscattered electron images (BSE) of the gahnite grains in this case show idiomorphism and simple contacts with the surrounding K-feldspar and present a homogeneous gray pattern in backscattered images, indicating absence or very reduced compositional zoning and a primary origin by crystallization in equilibrium with K-feldspar and manganocolumbite (Figure 2 ). The chemical compositions of gahnite are plotted in the Zn-Mg-Fe Total diagram proposed by Batchelor and Kinnaird (1984) for gahnite characterization (Figure 3 ), including also data by Alfonso et al. (1995) for comparison. This figure shows that the compositional variations in a single crystal are much smaller than between different crystals of the same pegmatite (e.g. Mirador) and also that the ranges, both in single grains and in different grains of the same pegmatite, present a nearly linear distribution, with a narrow variation in the Mg/Fe ratio, and a larger range in the Zn/(Mg+Fe Total ) ratio. This suggests that the Mg/Fe Total ratio is different for each deposit, remaining the same during the internal magma fractionation and that the Zn content in gahnite increases during the crystallization of the pegmatite at expense of (Mg+Fe Total ). It has to be investigated with a larger number of data if the Mg/Fe Total ratio is either a result of different degrees of Fe or Mg assimilation from the host rocks or differences in the degree of fractionation of the initial pegmatite-forming magma, or still, if this ratio is determined by different source granite magmas. It suggests also that in the BPP the Zn/(Mg+Fe Total ) and/ or Mg/Fe Total ratios may be more sensitive as indicators of the fractionation degree than Zn/Fe Total .
As first approach of correlation of gahnite compo-
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TABLE I
Chemical composition and structural formulae on the basis of 32 O of gahnites from the studied pegmatites in the BPP. sitions with magma evolution, Batchelor and Kinnaird (1984) suggested that Mg contents in gahnite decrease with the degree of magma fractionation from anatectic granites derived from biotite schists (MgO = 1.55 to 3.27 wt.%) to more fractionated igneous granites (MgO = 0.61 wt.%) and, finally to evolved pegmatites. The same authors, in accordance with data by Taylor (1965) , apud Batchelor and Kinnaird (1984) , suggested that the Zn/Fe Total ratio increases with the magma differentiation, with values of Zn/Fe Total > 3.8 typical for igneous gahnites contrasting with values below 3.8 for gahnites of metamorphic or palingenetic origin. In the present case, the Zn/Fe Total ratio ranging between 12.69 to 60.87, the high gahnite content (86.22 to 95.41 mol%) and the low proportions of hercynite (1.51 to 6.62 mol%), spinel (0.11 to 5.89 mol%) and galaxite (1.48 to 2.74 mol%) are indicative of an igneous origin. A high fractionation degree of the studied pegmatites in BPP is indicated by comparison with similar values obtained by Alfonso et al. (1995 Alfonso et al. ( , 2003 for gahnite in albite type pegmatites of Cap de Creus (Spain, data included in Figure 4) , and in comparison with data by Tindle and Breaks (1998) For a better understanding of the substitution mechanisms involving Zn, Mg, Fe, and Mn in the spinel structure Batchelor and Kinnaird (1984) also proposed the plot of (Fe Total +Mg)/Al versus (Zn+Mn)/Al. In the same diagram it should be also possible to evaluate the degree of the magma evolution during the crystallization of the spinel. The data obtained in the present study are shown in this diagram in Figure 5 . A general distribution of the data follow roughly the fractionation direction suggested by Batchelor and Kinnaird (1984) , with the darker crystal of the Mirador pegmatite at the least fractionated end, followed successively by data from Quintos (similar to Cap de Creus data), Capoeira 2 and the lighter crystal from Mirador. A vertical distribution of the data from Capoeira 2 and of the light crystal from Mirador, indicate that the (Zn+Mn) enrichment within these crystals occurs with constant (Fe+Mg) values. In Figure 4 , Zn-Mn-(Fe Total +Mg), it is possible to verify that the Mn/(Mg+Fe Total ) ratio remains constant for data of the same grains and pegmatites, indicating that there is no Mn fractionation during the crystallization of the pegmatite, and that the vertical distribution of single grain data in Figure 5 is mainly due to Zn enrichment during internal fractionation.
CONCLUSIONS
Contents of gahnite (86.22 to 95.41 mol%) and high Zn/Fe Total ratios (13.85 to 63.17) in all studied spinel crystals from the Mirador, Quintos and Capoeira pegmatites in the BPP are higher than most data in literature and indicate a high degree of fractionation of the pegmatite-forming magma from which these crystals originated, similar or higher to data referred to by Alfonso et al. (1995) for gahnite from albite subtype pegmatites in the Cap de Creus pegmatite field in Spain.
This interpretation is in agreement with other mineral chemistry data available for the same pegmatites, namely: a) Mn/(Mn+Fe2+) ratios (0.93 to 0.97) The data so far obtained suggest that Fe/Mg ratios remain constant during the crystallization of the studied pegmatites but are different in the three studied cases while the Zn(+Mn)/Fe ratios increase during the gahnite crystallization and pegmatite fractionation.
It is important to state that the results must be considered as preliminary because all of them refer to pegmatites enclosed in quartzites and metaconglomerates of the Equador Formation, while data from pegmatites enclosed in biotite-schists or granites are still inexistent. Batchelor and Kinnaird (1984) , including data from Cap de Creus albite type pegmatite (Spain), according to Alfonso et al. (1995) for comparison.
The influence of Fe (and Mn and Mg) assimilation from wall-rocks can still not be evaluated.
